In this paper, a novel, GaN-based high electron mobility transistor (HEMT) using an ultra-thin barrier (UTB) with a local charge compensation trench (LCCT) is designed and optimized. Because the negative plasma-etching process, as well as the relaxing lattice during the process would introduce equivalent negative charges into the under-LCCT region, the electron will be partially squeezed out from this area. The electric field (E-field) around this region will therefore redistribute smoothly. Owing to this, the proposed LCCT-HEMT performs better in power applications. According to the simulation that is calibrated by the experimental data, the Baliga's figure of merits (BFOM) of LCCT-HEMT is around two times higher than that of the conventional UTB-HEMT, hinting at the promising potential of proposed HEMT.
Introduction
Because of the polarization effect in the AlGaN/GaN heterojunction, a high-density two-dimensional electron gas (2DEG) could be induced by properly modulating the heterojunction parameters, such as the Aluminum mole-fraction and the AlGaN thickness [1] . Such 2DEG in the AlGaN/GaN heterojunction features high-current transportation capability and high response speed to the electric field (E-field). These advantages put forth a class of electron devices-high electron mobility transistors (HEMTs), which are being extensively studied and considered as the promising candidates in next-generation power and high-frequency applications [2] [3] [4] . After the successful development of AlGaN/GaN enhancement-type HEMTs, these HEMTs immediately attracted a lot of attention [5] [6] [7] [8] [9] [10] . More inspiringly, two approaches-both the p-type gate and cascaded Si-GaN transistors-have already been successfully commercialized [11] . However, they face many formidable challenges in practice, such as relatively low stability in high bias and a weak level of integration [12] [13] [14] . To solve these problems, researchers have been focused on designing new device structures to realize the enhancement type without introducing extra side-effects.
In this sense, F-ion implantation [5] , the dual-channel recessed Metal-Insulator-Semiconductor Field Effect Transistor (MISFET) [15] , and Field-coupled High Electron Mobility Transistor (HEMT) [16] have been developed and analyzed thoroughly. In the meantime, a low-density drain (LDD) technique has been proposed, and can be introduced into these novel lateral device structures to further balance the turn-on resistance (Ron) with the breakdown voltage (BV) [17, 18] . In other words, this LDD could be used to enhance the device's Baliga Figure-of-Merits (BFOM) in a form that has been adopted in recent GaN power device research and is depicted in Equation (1) , where BV is the breakdown voltage and R on is the on-state resistance [19, 20] :
Nevertheless, to redistribute the E-field, LDD requires etching or an ion implantation process to form a special alloy barrier region which is beside the gate to modulate the 2DEG density underneath. This process always causes lattice damages and, hereby, low electron mobility [8, 15, 21] . Fortunately, a novel HEMT architecture that utilizes the charge compensation from the Silicon Nitride (SiN) to the AlGaN ultra-thin barrier (UTB) has been presented [22, 23] . In this architecture, one can modulate the concentration of 2DEG induced in an AlGaN/GaN interface without etching the barrier just by adding or removing the SiN layer which supplies the compensation charges. In other words, to realize the enhancement-type HEMT, one can partially remove the SiN on the UTB at which the gate metal will be deposited. Therefore, by such virtue of UTB, a LDD-like technique could be introduced naturally into the HEMT without lowering the quality of the heterojunction. Furthermore, recent experiment results have already demonstrated the prospect of UTB-HEMT in power applications [24, 25] .
In this paper, we proposed a novel UTB HEMT with a local charge compensation trench (LCCT) to further improve the performance of AlGaN/GaN HEMT. Such LCCT-HEMT avoids the lattice damage in the barrier, and in the meantime, LCCT could modulate the 2DEG concentration to smoothen the reverse E-field by introducing extra negative charges [26, 27] . In this way, BFOM that is two times higher, compared with conventional UTB HEMT, could be obtained in the proposed device with a properly designed LCCT according to simulation that is calibrated by experimental data. These results reveal the potential of proposed HEMT in high-power applications.
Device Setup and Mechanism
The proposed HEMT device was generated on a conventional GaN-on-Silicon wafer with an AlGaN/GaN heterojunction on the top. The configuration details of this wafer can be found in Reference [22] and also in Figure 1a .
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The fabrication process of the proposed LCCT-HEMT is schematically depicted in Figure 2 . The whole procedure could commence with a UTB wafer. Thereafter, the ohmic contacts could be formed by the physical vapor deposition (PVD), followed by the gate etching process. Here, the etching rate of the AlGaN barrier could be easily distinguished from the rate of SiN passivation layer, meaning the etching hurt could be minimized by properly designing the etching recipe. Then, the gate dielectric and gate metal could be deposited by atomic layer deposition (ALD) and PVD, respectively. Finally, the LCCT could be fabricated by elaborately etching the passivation layer to introduce the negative charges. Furthermore, some other materials that could introduce negative charges into the structure, such as ALD-grown oxide, could alternatively be chosen. In this sense, compared with the conventional UTB HEMT, the proposed LCCT-HEMT exhibits the capability of E-field redistribution in a high drain bias, thus enabling higher BV of the device, as shown in Figure 3a ,b. Furthermore, a longer and/or deeper LCCT offers higher capability of E-field redistribution, resulting in a smoother depletion region and higher BV, as shown in Figure 3c . In this sense, compared with the conventional UTB HEMT, the proposed LCCT-HEMT exhibits the capability of E-field redistribution in a high drain bias, thus enabling higher BV of the device, as shown in Figure 3a ,b. Furthermore, a longer and/or deeper LCCT offers higher capability of E-field redistribution, resulting in a smoother depletion region and higher BV, as shown in Figure 3c . Figure 2 . The E-field distribution along the channel in LCCT-HEMT when the drain voltage is 800 V.
In this sense, compared with the conventional UTB HEMT, the proposed LCCT-HEMT exhibits the capability of E-field redistribution in a high drain bias, thus enabling higher BV of the device, as shown in Figure 3a ,b. Furthermore, a longer and/or deeper LCCT offers higher capability of E-field redistribution, resulting in a smoother depletion region and higher BV, as shown in Figure 3c . As shown in Figure 1b , the recessed LCCT exerts two main effects. The first one is that, as mentioned above, the LCCT relieves the stress of the AlGaN layer, turning out a reduction of the polarization charges; whereas the other one, which has been depicted before as well, is that negative charges are introduced into the remaining SiN during the formation of the LCCT, which attracts the As shown in Figure 1b , the recessed LCCT exerts two main effects. The first one is that, as mentioned above, the LCCT relieves the stress of the AlGaN layer, turning out a reduction of the polarization charges; whereas the other one, which has been depicted before as well, is that negative charges are introduced into the remaining SiN during the formation of the LCCT, which attracts the E-field generated from the positive polarization charge and as a result, partially squeezes out 2DEG underneath.
This functionality of LCCT could be illustrated explicitly by simulations as well. As shown in Figure 4 , the conduction band of conventional HEMT only with a thin AlGaN barrier is higher than that of the device with SiN passivation. In addition, as aforementioned, the LCCT could gently lift the band structure by introducing the negative charges and partially canceling out the polarization. E-field generated from the positive polarization charge and as a result, partially squeezes out 2DEG underneath. This functionality of LCCT could be illustrated explicitly by simulations as well. As shown in Figure 4 , the conduction band of conventional HEMT only with a thin AlGaN barrier is higher than that of the device with SiN passivation. In addition, as aforementioned, the LCCT could gently lift the band structure by introducing the negative charges and partially canceling out the polarization. Besides, before all detailed investigations, the Silvaco-ATLAS simulator, models, and corresponding settings were verified with the experimental data from previous UTB-HEMT works. The simulation models used in ATLAS were the Shockley-Read-Hall (SRH) recombination model, Fermi-Dirac statistic model, and the parallel electric field dependence model. The calibration commenced with the establishment of the device structure, which is strictly generated in ATLAS with the same geometry parameters of the experimental one. Then, the calibration is done by revising the polarization parameters, such as charge density and relaxation degree. As shown in Figure 5 , the voltage-current curves match well not only regarding linear region, but also the subthreshold region, indicating the settings of simulation are reasonable. Furthermore, the breakdown voltage in simulation is adjusted to the value of the experiment, which is around 1200 V and omitted in these figures. Thus, this suggests the simulation is accurate and reasonable. Besides, before all detailed investigations, the Silvaco-ATLAS simulator, models, and corresponding settings were verified with the experimental data from previous UTB-HEMT works. The simulation models used in ATLAS were the Shockley-Read-Hall (SRH) recombination model, Fermi-Dirac statistic model, and the parallel electric field dependence model. The calibration commenced with the establishment of the device structure, which is strictly generated in ATLAS with the same geometry parameters of the experimental one. Then, the calibration is done by revising the polarization parameters, such as charge density and relaxation degree. As shown in Figure 5 , the voltage-current curves match well not only regarding linear region, but also the subthreshold region, indicating the settings of simulation are reasonable. Furthermore, the breakdown voltage in simulation is adjusted to the value of the experiment, which is around 1200 V and omitted in these figures. Thus, this suggests the simulation is accurate and reasonable. Figure 6 shows the output characteristics of the proposed device with a different depth and length, respectively. As seen in Figure 6 , LCCT does impose the device current by modulating the fixed charge in SiN which will repel the 2DEG under LCCT. As a result, with the increasing depth and length, on-state resistance increases from around 9 Ω·mm to around 15 Ω·mm. However, it should be noted that in order to maintain the polarization charges introduced by LPCVD-SiN and avoid hurting the AlGaN lattice, the depth of LCCT should not exceed 75 nm.
Result and Discussion
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Conclusion
In this paper, a novel, ultra-thin-barrier HEMT with LCCT was proposed and investigated via the experimentally calibrated simulator, ATLAS. Proved by the detailed analysis and simulation, it is the E-field redistribution that enables a higher BFOM of proposed LCCT-HEMT. We attributed Figure 10 . The E-field distribution along the channel in LCCT-HEMT when the drain voltage is 800 V.
In this paper, a novel, ultra-thin-barrier HEMT with LCCT was proposed and investigated via the experimentally calibrated simulator, ATLAS. Proved by the detailed analysis and simulation, it is the E-field redistribution that enables a higher BFOM of proposed LCCT-HEMT. We attributed such an improvement to the negative charges introduced by the LCCT formation process. In other words, longer and deeper LCCT offers more negative charges, and as a result, higher capability of E-field redistribution. Simulation results indicate that there is an optimization point where the Ron and BV could balance, suggesting the high potential of proposed LCCT-HEMT in power applications. However, the details of the length and depth of LCCT depend on the experimental condition, which needs to be studied in the future. 
